The stimulating effct on the receptor organ of various monoand divalent metallic ions on the lateral-line nerve of tadpoles was studied.
for divalent ions.Both agree well with the order of Pearson's softness parameter for monovalent ions and Edwards'modified parameter for divalent ones. All sorts of divalent cations exhibited suppressive effects on the stimulating effect of the monovalent cations when they were applied together with the monovalent cations.
A simple selection rule was found for the suppressive effect.
The stimulating effect of Na+ or K+ was suppressed by all sorts of divalent cations. But the effect of Ag+ was suppressed by Cd2+, but not by Mg2+ nor by Cat+. In order to remove the Ag+effect,a dilute solution of DTT was used, although the effect of K+or Na+was removed easily by rinsing with distilled water.
From these results the receptive mechanism of the endorgan was thought to be chemical adsorption of ions in the receptor cell membrane.Based on the principle of "hard and soft acid and base", it is suggested that there are two types of binding sites for the ions on the membrane, a soft site and a hard one.
The lateral-line organs of aquatic animals are of course mechanoreceptors and at the same time they also behave as chemoreceptors.
In previous papers, one of the present authors reported several times,from the phylogenetical point of view,the dual functions of the lateral-line organs of various aquatic aminals (KATSUKI,1973) such as cyclostomes,elasmobranchs (KATSUKI et al.,1970) ,teleosts (KATSUKI et al.,1971) ,and amphibians (ONODA and KATSUKI,1972) .The detailed mechanisms of the mechanoreception as well as of the chemoreception are,however, still unknown.Moreover,the physiological significance of the chemoreception is obscure.
The ionic effects on the cell membrane have been studied extensively in the nerve and muscle cell membranes.Although the same problem has also been studied in various sensory receptors,for example,in gustatory or olfactory organs which are extremely sensitive to a chemical environment,the interactions of the cell membrane with various ions are not yet clarified mainly because of technical difficulties of dealing with cells of such small size.Recent progress in the electronmicroscopical studies has revealed a great deal of the fine structure of chemical sensory cells (HAMA,1965; FLOCK,1965) ,so that we know now even the structure of those sites of the cell membrane which react to chemical stimuli.Based on the knowledge obtained from our electrophysiological experiments and other morphological studies,we can assume now that the receptive mechanism of the chemical sensory cells for the ions is quite different from the mechanism for the ionic effects on the excitable cell membrane (HODGKIN,1951; TASAKI,1953 TASAKI, ,1968 .Because the order of the effectiveness of various ions on the receptor cell is entirely different from the ionic sequence of permeability obtained for the resting membrane in various tissues (HAGIWARA et al.,1972) ,the chemical characteristics of the receptor cell membrane must be further studied.
We have attempted to analyse the detailed mechanisms of interaction between several alkaline,alkaline-earth and transitional metallic ions and the receptor membrane of the lateral-line organ,by systematically applying solutions of the ions in different concentrations to the lateral-line organs and recording unitary neural responses from the lateral-line nerve (NAKAGAWA et al.,1974) .These ions are mostly stimulatory when they are delivered alone.The interferences of a divalent ion with the reaction between a monovalent ion and the receptor cell are complicated,mutual suppression often being encountered. and fixed to a wooden board.The gill was perfused with aerated water through a cannula in the mouth so that respiration could be controlled by water flow.The skin was cut at the region near the operculum and then the lateral-line nerve was easily exposed under a binocular zoom microscope.The peripheral cut end of the nerve was divided with sharpened forceps into several very tiny bundles containing a few fibers,each of which was hooked onto a silver wire electrode.Usually spontaneous discharges were recorded from each bundle.With the use of an electronic rate meter (KATSUKI et al.,1970) ,the number of impulses per unit time was recorded with a pen recorder from a functional single unit of the nerve bundle. After the impulses were amplified with a conventional AC-coupled amplifier,the neural discharges were fed into the counter and monitored by a simultaneous oscilloscope display.
The chemical solutions for stimulation were applied with a small pipette to the endorgan which had been localized by touching the skin lightly.After a certain time the endorgan was rinsed with a rather large amount of distilled water to remove the testing solution completely.When the effect could not be removed completely by water,a dilute solution of EGTA(glycoletherdiamine tetraacetic acid)or of DTT(dithiothreitol)was used.
RESULTS

Responses to monovalent cations
Several nitrates were used in these experiments.As monovalent cations, Li+,Na+,K+,Ag+,and Tl+were selected.In the periodic table of chemical elements,Na,K,and Li belong to the Ia group,Ag to Ib and Tl to IIIb.The results for K+at various concentrations are shown in Fig.1 .Impulse frequency increased in proportion to the concentration of salt solution above the level of the spontaneous discharge rate.A clearly discernible increment of impulses was first found at the concentration of around 10-2M in the case of K+,and therefore we considered to be the threshold concentration.The effect of K+was easily removed by rinsing with distilled water.A saturation effect appeared at the 10-1M concentration, showing S-form characteristics.Other ions of the Ia group,Na+and Li+,showed similar characteristics,and Na+was as effective as K+.In the case of LiNO3 the response was mild and could also be easily removed.The effects of anions were negligible since KC1 and KNO3 were found to have almost the same effect (Fig.1) .
The nature of Tl+is stable in spite of its complex electron structure,and its chemical behavior is very similar to that of the Ia group elements because of its inert pair effect.The similarity of the effects of Tl+to those of K+was recently reported for muscle and nerve cell membranes (EISENMAN et al.,1973; HAGIWARA et al.,1972; HAGIWARA and TAKAHASHI,1967; HILLE,1972) .In the present experiment,the effect of Tl+was found to be stronger than that of K+or Na+on the lateral-line receptor cell.The threshold concentration was 10-3M,and the slope of the sensitivity curve was as steep as that of K+.The effect was readily removed No difference can be seen between nitrate and chloride solutions. Ordinate, number of discharges per second. Horizontal bars at the bottom indicate the duration of stimulation, in minutes.
with distilled water.
The ions of transition metals have relatively small atomic radii. Besides electrostatic attraction they display electromagnetic interaction, and hence these elements possess a greater affinity for protein than Na+or K+ (FRIEDBERG, 1974) . Ag+belongs to the second series of the transition metal group or to the Ib group in the periodic table. The effect of Ag+ was compared with those of K+and Tl+. A strong stimulating effect was found for Ag+ (Fig.2) .The threshold concentration of AgNO3 was 10-6M or less. These results are indeed remarkable and even a toxic irreversible effect was produced on the cell membrane with a more concentrat- In order to remove the Ag+ effects, 10mM DTT was used for a few minutes.
The details of the rinsing effect of DTT for Ag+ are shown in Fig.3 .
The relations between logarithms of concentrations of various monovalent metallic salt solutions and the discharge rates are shown in Fig.4 .The effectiveness of the monovalent ion decreased in the following order;
2. Responses to divalent cations Divalent cations are known to play an important role in cellular function. In particular, the effects of Ca2+ and Mg2+ were studied in a variety of physiological experiments.
The stimulating effects of these two ions have already been reported for the lateral-line organs of Xenopus laevis The effects of Zn2+ and Cd2+ were also studied by the use of Zn (NO3) 2 and Cd (NO3) 2 solutions. Stimulating effects of Zn2+ were not observed at concentrations from 10-5 to 10-1M, but the spontaneous discharge rate was decreased. In the Mg2+, Ca2+, Mn2+, and Zn2+ (abscissa) and normalized discharge rates of a single lateral-line nerve fiber (ordinate).
case of Cd2+, there was occasionally a weak stimulating effect, but normally it looked like Zn2+. Co2+ had characteristics similar to those of Cd2+. Figure 5 summarizes the effects of the divalent cations. Mn2+ itself produced neither a stimulating nor suppressing effect on the spontaneous discharges of the receptor, but it has a suppressive effect on K+ and Na+ just as other divalent ions. The order of effectiveness for divalent cations was 3. Suvoressive effect of divalent ions on the stimulating effect of monovalent ions A suppressive effect of the divalent cations on the stimulating effect of the monovalent ions in fish has been reported (KATSUKT et al., 1970) . The suppressive effects of Mg2+, Ca2+, and Cd2+ on K+ and Ag+ were also found in the tadpole receptor. Typical data for Mg2+ suppression is shown in Fig.6 . In order to detect the suppressive effects clearly, various amounts of Mg(NO3)2 were dissolved in the solution of 1/16M KNO3, and poured on the receptor region. Since Mg2+ gives rise to a stimulating effect as was described in the previous section, the degree of suppression is given by the formula The next study was carried out on the monovalent ion Ag+.Ca2+and Mg2+ do not cause any positive suppressive action on the response to Ag+.But the cations of the IIb group(Cd2+,Zn2+)have a remarkable effect on the Ag+responses, just as the divalent cations of the IIa group(Mg2+,Ca2+)suppress the stimulating effects of the Ia group cations (Na+,K+) (Fig.8) . These results suggest that there may be two remarkably different kinds of interaction between ions and membrane.Some ions belonging to group(a)are removed from the membrane so easily that their effects disappear promptly after rinsing.The effects of group(b),however,are sustained.In the case of Ag+, this sustained effect is removed only by DTT. According to the definition by Lewis, a "base" is an atom, molecule, or ion which has at least one pair of valence electrons which are not shared in a covalent bond, and an "acid" is similarly a unit which has at least one vacant orbital in which a pair of electrons can be accommodated. Probably the most important class of chemical reaction is the acid-base reaction (PEARSON, 1968 The parameter of Tl is not given by Ahrland, but can be estimated from Klopman's parameter as 1.78(KLOPMAN,1968) . Concerning divalent cations, such a clear-cut relation between softness parameter and effectiveness upon the receptor membrane is not obtained. The reason may be that effects of divalent heavy metallic ions on the receptor membrane are toxic or injurious and also the behavior of these ions become complicated due to an increase of hydration, degree of ionic dissociation and activity coefficient (DAvIEs,1962 The value 6* can give reasonable explanation of the order of effectiveness of divalent cations on the lateral-line receptor,if some functional group exists on the surface of the receptor membrane.As is well known, there are many ionic functional groups on the surface of the membrane.These ionic groups in the membrane are classified into two groups,"hard bases"and"soft bases".The most typical hard and soft bases in the membrane are -COOH and -SH,respectively.The hard acid can interact with the hard base electrostatically and the soft acid can interact with the soft base in covalent bonds.
From the high sensitivity to Ag and Tl (Fig.4) ,the cell surface of the tadpole lateral-line organ may be regarded as a soft base.The surface of the receptor membrane may have many -SH groups.This speculation is supported by the fact that the effects of Mg2+ are stronger than the harder cation Ca2+.DTT has a remarkable effect on the responses to Ag+,a very soft cation.Ag+ is presumably bound to the SH-group in the protein at the surface membrane,and it may be captured and bound more tightly to the SH-group in DTT,because one molecule of DTT has two SH-groups.Although the order of softness parameter is in good agreement with the order of effectiveness,the membrane potential and the membrane resistance need to be measured in order to clarify detailed mechanisms.In general,however,the cells of lateral-line organs are too small to measure the membrane potential and the resistance by the use of intracellular microelectrodes.
An attempt was made by Yanagisawa et al.to measure the membrane potential and the resistance of hair cells of lateral-line organ of Necturus maculosus (YANAGI-SAWA et al.,1974) .They found a linear relationship between the ionic concentration and the membrane potential following Beidler's taste equation (BEIDLER,1954) . This relationship, however,gives only a necessary condition for the adsorption model,but not a necessary and sufficient condition (YOSHIOKA et al.,1975) .The effect of Ag+ is very high,though it is known experimentally that there is no movement of Ag+ across the membrane.This seems to give a powerful support to the adsorption model.This result was obtained by using an X-ray microanalyser (ASANUMA,1975) .
Next,the suppression by a divalent cation of the effect of a monovalent cation will be considered.The cation Cd2+ shows a stronger suppressive effect than Mg2+ and Ca2+,in spite of the fact that its stimulating effect is weaker than Mg2+and Ca2+.The suppressive mechanism of Cd2+ for K+ may be different from that of *As every acid and base has both the nature of softness and hardness ,5 is defined as follows;
where a(softness of acid)and A(hardness of acid)are obtained from Edward's formula.a in this formula corresponds to a(AHRLAND,1968).
Mg2+ and Ca2+ for K+. Based on the HSAB principle,we can easily point out the difference in these mechanisms.The soft cation Cd2+tends to interact with the soft base -SH group in the membrane but it has little interaction with the hard base -COOH.On the other hand,the hard acid K+ may interact with the hard base.The affinity between Cd2+ and the SH-group is far stronger than that between K+and the COOH group.
Thus we can propose a model for the mechanism of the responses of the receptor cells to metallic ions.A stimulating effect may be produced by the adsorption of metallic ions to the active sites of the surface membrane.The degree of affinity may be determined by the association constant.The interaction between cation and active site on the membrane may be described by using softness parameters.Consequently,the order of the effectiveness of metallic ions coincides well with that of these two parameters.The suppression by a divalent ion of the effects of a monovalent ion may be due to a competitive adsorption process between the divalent and monovalent cations.If the adsorption speed of the divalent cation is higher than that of the monovalent ion,the suppression will occur.According to HAGIWARA and TAKAHASHI(1967) divalent cations are adsorbed on the outer surface of the membrane and other different cations are bound competitively to the same membrane sites with different binding constants.From our results it may be thought that monovalent cations as well as divalent ones are adsorbed at the same sites in the membrane.
Recent progress in electron-microscopical studies has clarified the fine structure of the lateral-line sensory cell,particularly that of the top of the hair cell.There are two kinds of hairs,i.e.many stereocilia and a single kinocilium.Those hairs which stain well with ruthenium red dye are covered with mucopolysaccharides. This means that all hairs are covered densely with substances with multiple electric charges,so that ions delivered to the endorgan may not be able to reach easily the top of the sensory cell surface.The delivered ions may be caught by membrane substances on the way to the cell surface.
Although in this article we did not take up the mechanical responses of this organ,it has been confirmed that both the mechano-and chemo-receptions of the lateral-line organ are intimately related with each other.One of us has already reported that the origin of spontaneous discharges on the lateral-line nerve might be sought in the external chemical environment of that organ . The sensitivity of the hair cell is,therefore,thought to be intimately connected with the chemical environment.The mechanism in the inner ear is thought to be akin to the one operating in the lateral-line organ,because these organs are homologous to each other.These problems will be discussed in a separate paper.
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